ABSTRACT
INTRODUCTION
The thrU(tufB) operon of E. coli is a mixed operon, harbouring four different tRNA genes and the protein gene tufB, encoding the polypeptide chain elongation factor EF-TuB (Fig. 1A) . Transcription of this operon is activated in trans by the E.coli protein FIS, which binds to a cw-acting region upstream of the promoter (designated UAS for upstream activator sequence) [ 1, 2, 3 and 4] . Similar activator sequences are also found upstream of the tyrT [5, 6] and the metY [7] operons, and upstream of the PI promoter of the rrnB operon [8] . They all specifically bind FIS [1] , suggesting that this is the common /ra/ty-activator of these four operons and possibly more stable RNA operons [7] . FIS-dependent rra/w-activation of the rrnB operon has subsequently been demonstrated [9] .
FIS (Factor for Inversion Stimulation) is a heat-stable protein of 98 amino acids, until recently only known for its role in the replication of certain bacterial viruses [10] [11] [12] . Some of these viruses alter their host range by switching the orientation of a viral DNA segment, which results in the expression of a different set of tail fiber genes [13, 14] . This site-specific recombination event, mediated by a virus encoded recombinase, is stimulated by the host protein FIS which binds to a c/s-acting recombinationaJ enhancer [15, 16] (Fig. 2 ).
For some time it was not clear how E.coli benefits from FIS, a protein which enables the phage to attack bacteria. Recent studies [4] revealed that FIS plays a prominant role in accelerating bacterial growth. During a normal growth cycle early log phase cells show a large increase in FIS-dependent /ra/u-activation of the thrU(tufB) operon. Concomitantly, a peak of the cellular FIS concentration is seen. Cells, growing slowly in a poor medium, do not show such a rise and fall of FIS, nor a peak of operon transcription in the early log phase. After addition of nutrients to the medium these cells promptly respond with an increase both of transcriptional activity and of the FIS concentration. This increase gets higher as the medium gets more strongly enriched. Apparently, the synthesis of FIS responds to environmental signals, thereby affecting transcription of the thrU(tufB) operon, and most likely more stable RNA operons. Furthermore, FIS allows cells to achieve very high growth rates.
What is the mechanism underlying fra/w-activation of the thrU(tufB) operon? The evidence obtained so far [17, 3, 18] and the data of the present paper show that bending of the UAS DNA double helix is essential for transcription activation. The UASs of various stable RNA operons are AT-rich [19] , indicative of an unusual physical conformation, such as kinking or bending [20, 21, 8] . Accordingly, gel electrophoretic migration of UAS DNA fragments is retarded [1] [2] [3] . This retardation increases upon FIS binding, indicating that the nucleotide sequence-induced bending of the DNA is enhanced by FIS binding. Three FIS/DNA complexes are formed under these in vitro conditions. Cells unable to produce FIS (fis cells) do show ro-activation of thrU(tufB) transcription. Most likely nucleotide sequence-induced bending plays a role here. FIS-directed bending (in wild-type cells) further increases transcription activation. DNase I footprinting [3, 2] has delimited two FIS binding regions on the UAS of the thrU(tufB) operon (see bars in Fig. 3 ). Electrophoretic analysis of circularly permuted UAS DNA fragments located a bending centre around position -95 (with respect to the transcription start site), in between the two FISbinding regions [18] . Insertions of small DNA segments, comprising less than one or two complete helix turns at the * To whom correspondence should be addressed Cells were grown in LB medium to an OD600 of 0.5 and galactokinase activities, expressed as activity/femtomole of plasmid, were measured as in [4] . Galactokinase activities are expressed as in Fig. 3 . The insertion and the deletion alter the UAS sequence as follows: junction of the UAS and the RNA polymerase binding site (position -45), reduce transcription significantly. Partial restoration of transcriptional activity occurs when one or more full helix turns are inserted [18] . These data clearly demonstrate that an abnormal conformation of the UAS DNA, most likely a bent DNA double helix, is an essential requisite for transcription activation of the operon. Furthermore, that activation requires a specific spatial orientation of the DNA bend with respect to the RNA polymerase (RNAP).
In the present investigation we show that optimal transactivation of the thrU(tujB) operon not only requires occupation by FIS of both FIS binding regions on the UAS, but also specific helical positioning of these regions. These requirements are very similar to those of the site-specific recombination event, resulting in FIS-dependent inversion of viral DNA segments. Here we propose a model for the mechanism of thrU(tufB) fra/w-activation taking into account various features common to both processes.
MATERIALS AND METHODS
The E.coli strains MC1000 and MC1000-./w767, the plasmid pDSlO, harbouring the operon fusion thrU(tufB)':galK, and its deletion derivatives, the growth medium (LB medium plus 1 % glucose) and the galactokinase activity assay, have been described previously [22, 1, 4] . The pDSlO derivatives harbour a BamHI linker (CCGGATCCGG) at the junctions between undeleted region and vector. For the insertion of three base pairs at position -95 (see Table I ) the pDSlO derivative with a deletion up to -88 was digested with BamHI. A BgUI-BamHI fragment, carrying part of the UAS extending from -495 to -95, was then ligated in the BamHI site. For the deletion of one base pair at -95 the same procedure was carried out with a pDSlO derivative carrying a deletion up to -84 (see also legend to Table I ).
+ 3bp. TGAAAAAGTGTGCTAATCTGCCCrCCGTTCGGCTccgqitccqqCATCGTGTCSCATAAAATG

RESULTS
Since activation of the ihrU(tufB) operon consists of two components: FIS-independent and FIS-dependent activation, the question may be raised whether both components have the same DNA determinants. To answer this question transcriptional activity was measured in MC1000 and MC100O-^$767 cells after deleting various portions of the UAS. To this aim expression of the thrU(tufB) operon was studied using the plasmid-borne operon fusion thrU (tufB)': galK (cf. Fig. IB ) measuring galactokinase activity/femtomole of plasmid, as described by Nilsson et al. [4] . Previous studies of operon expression [22] did not reveal any effect of deletions from positions -500 to -200. We, therefore, chose position -176 as deletion start point for the present experiments. As illustrated in Fig. 3 a deletion extending to -88 abolishes FIS-dependent fra/w-activation. FIS-independent reactivation is also affected but to a lesser extent. DNA with such a deletion has lost the upstream FIS-binding region at -131 to -118 and a substantial part of the intervening sequence between the two FIS-binding regions (cf. bars in Fig. 3 ). DNA fragments derived from the deleted UAS form only one FIS/DNA complex [3] . We conclude that both FIS-dependent and FIS-independent transcription activation have DNA determinants upstream of position -88. A significant decrease of transcriptional activity is seen when the deletion is extended to -81. The data of Fig. 3 show that this is due to a drop of FIS-independent cw-activation. Further deletions to -56, resulting in a total elimination of the UAS, cause a further decline which can only be observed in FISproducing cells, since derepression of ribosome feedback inhibition counteracts this decline in fis cells [4] . This implies that FIS-independent cis-activation declines continuously upon successive elimination of sequences from -176 to -56, with a steep drop between -88 and -81.
The results of Figure 3 show that FIS-dependent transactivation requires both FIS-binding regions. Apparently, FIS exerts its function when attached to both binding regions of the UAS. Deletion of the region -176 to -133, just upstream the FIS-binding region -131 to -118, diminishes activation in both •?i0v&?' FIS binding region FIS-producing and fis cells. This region therefore is also a functional pant of the UAS, but its elimination does not decrease the binding of FIS to DNA. DNA fragments derived from this partially deleted UAS still form three FIS/DNA complexes in vitro [3] .
Insertion of three basepairs in position -95 (the bending centre of UAS-derived DNA fragments [18] ) or a deletion of one basepair reduce mi/w-activation significantly (Table 1) without affecting FIS binding to DNA (not shown). These manipulations alter the spatial orientation of the two FIS-binding sites and the nucleotide sequence of the intervening region. The insertion (of three G-C base pairs) causes replacement of three A-T base pairs by G-C base pairs, and the deletion removes 11 basepairs which are replaced by 10 basepairs of the BamHI linker (CCGGAT-CCGG). Transcriptional activity in fis cells is also reduced by the insertion and deletion. For an interpretation of these data see the Discussion.
DISCUSSION
An important conclusion from the present study is that proper rra/w-activation of the thrUftuJB) operon requires occupation by FIS of the two FIS-binding regions on the UAS (Fig.3) and correct positioning of these regions. The insertion and the deletion at position -95 (see Table I ) not only alter the distance between these regions but also their spatial orientation. The helical positioning of the regions is altered by changing the number of nucleotides and the conformation of the intervening sequence. Replacement of some A-T base pairs by G-C base pairs may affect DNA bending. Apparently, the FlS-molecules bound at the two regions can only exert their ttwis-activating function when positioned very specifically in space. This suggests that these FIS molecules, besides interacting with DNA, also interact with other biological macromolecules during fra/is-activation. One possibility is that they interact with each other, bringing the two FIS-binding regions in close proximity. Whether such a FIS/FIS interaction is sterically feasible remains to be seen. An alternative is interaction with the RNA polymerase. A model for such a FIS/RNAP interaction is illustrated in Fig. 4 . The RNAP structure pictured here is derived from Meisenberger et al. [23] and Heumann et al. [24] who studied the enzyme with smallangle X-ray and neutron scattering, respectively. Since the conformation of the DNA studied in the present investigation is anomalous and has a bent structure, our proposal for RNAP/DNA interaction differs from that proposed by these authors. A major characteristic of our model is that the DNA region interacting with the RNAP extends beyond position -45, the classical boundary determined by Siebenlist et al. [25] . Travers et al. [6, 19, 21] studying the tyrT operon, were the first to describe promoter upstream interactions with RNAP. They ascribed them to binding of more than one RNAP upstream of stable RNA promoters and suggested that RNAP binding at a secondary site might activate transcription. These early studies, performed in the absence of FIS, showed that RNAP protects the upstream region against DNasel up to position -65, whereas RNAP protects the lacUVS mRNA promoter to position -42. With a mutant tyrT promoter more extensive protections were found to at least -130. Our results, presented in Fig. 3 , reveal a continuous decrease of FIS-independent cis-activation of the thrU(tufB) operon upon progressive deletion of the UAS starting at -176, with a rather steep drop upon deleting from -88 to -81. Although these results may in principle be explained solely on the basis of the DNA conformation, i.e. DNA bending, RNAP/DNA interaction over large parts of the UAS may be envisioned, which is also in line with the RNAP footprints reported by Travers et al. for the tyrT operon [I.e.] . The insertion or deletion performed in the experiments of Table I would disrupt such an interaction around and upstream of position -95. The results of the Table for ^is cells, showing a substantial decrease of transcriptional activity by these manipulations, suggest that sequences upstream of -95 are involved in FIS-independent cisactivation.
The effects of the manipulations in FIS-producing cells suggest that FIS-dependent rra/u-activation occurs through contacts between RNAP and FIS molecules bound at both binding regions of the UAS. The interaction sites on the enzyme should then be identical or nearly identical. We assume that the two identical a subunits are the target sites of FIS. The topography of the RNAP as proposed by Meisenberger et al. and Heumann et al. [23, 24] , with a 15 nm long axis of the RNAP ellipsoid section would allow FIS molecules, separated by the intervening sequence of approximately four DNA helical turns, to interact with the a subunits. Investigations by the group of Ishihama [26, 27] showed that the a subunit plays an essential role in the communication between activator proteins and RNAP on certain promoters. Using reconstituted mutant RNAP, lacking the Cterminal region (residues 257-329), these authors demonstrated that the C-terminal domain of a is needed for transcription activation by activators, such as the cAMP receptor protein (CRP), and OmpR, the activator of the genes encoding the porin proteins OmpC and OmpF. The mutant RNAP did not respond to activator proteins that bind upstream of the respective promoters. Transcription by these mutant enzymes was, however, activated in the cases where activators bind to target sites that overlap the promoter -35 region. These observations indicate that the C-terminal region of a carries a contact site (site I) for some, if not all, of the transcription activators that bind (like FIS) DNA sites located upstream of the basic promoter elements.
In vitro binding of increasing amounts of FIS to a DNA fragment, harbouring the entire UAS, results in the formation of up to three FIS/DNA complexes [1] [2] [3] . All complexes and the naked DNA fragment have the same bending centre (not shown), suggesting that both binding regions are occupied by FIS in all three complexes but we do not fully understand the relationship between complex formation and the occupation of the two FIS-binding regions. Our model of the RNAP/DNA interaction implies that the UAS wraps around the RNAP in the presence and absence of FIS. Although the DNA bending increases in the presence of FIS, wrapping may occur without altering the UAS bending centre in either case. In the absence of FIS the interaction may be less stable or transient. FIS/RNAP interaction may stabilize the RNAP/DNA interaction over a considerable part of the UAS, and thus may trigger conformational changes of the RNAP and of the DNA at the transcription start site, converting the closed promoter complex to an open complex. In the absence of FIS the dynamic interaction between RNAP and DNA most likely leads less frequently to effective opening of the closed promoter complex. A further reduction of this frequency occurs when an activator sequence upstream of the promoter is lacking and no DNA wrapping around the RNAP can take place.
The two FIS-dependent processes: stimulation of viral DNA inversion and rra/w-activation of stable RNA operon transcription have various features in common. Stimulation of the inversion process occurs upon binding of FIS to two specific regions on the recombinational enhancer [15, 16, 28] (cf. Fig.2 ). These two regions are separated by a well defined intervening sequence that allows for a conformational change of enhancer DNA upon interaction with FIS. The change is manifested by DNA bending and is an essential step for recombinational enhancer activity. Insertions other than an integral number of helical turns between the two sites destroy the enhancer function, although FIS/DNA binding is not abolished [29, 30] . A model of enhancer action has been proposed [29] [30] [31] [32] . According to this model, the FISenhancer complex and the recombinase-crossover site complexes have first to interact before recombination can take place. This putative interaction between FIS and recombinase could be necessary in order to align the two crossover sites properly in a synaptic complex. Electron microscopy of crosslinked nucleoprotein complexes, obtained with the Hin-family of recombinases, has shown that the FIS-bound recombinational enhancer is closely associated with the two Hin-bound recombination sites [33] . According to the investigators a tripartite recombination intermediate structure is formed, which they call an invertasome.
Mutational analysis of FIS [34] is in line with FIS/Hin interaction. This analysis shows that there are at least two functionally distinct domains in FIS: an N-terminal region that is uniquely required for stimulating Hin-mediated inversion and a C-terminal region required for DNA binding and bending. The crystal structure of FIS [35, 36] has been described as a compact ellipsoid dimer, with each subunit containing four a-helices (A-D) separated by short /3-turns. The C and D helices located near the C-terminus correspond to a helix-turn-helix DNA binding region. The first 24 residues were not resolved, implying that this region is disordered in the crystal. The accessibility of the N-terminal residues for FIS-Hin interaction thus remains to be determined directly from the crystal structure.
The model for FlS/recombinase interaction and that of Fig.4 for FIS/RNAP interaction may explain how the FIS protein can stimulate two unrelated processes.
